The diurnal response of ACTH release to intravenously administered arginine vasopressin was tested in normal volunteers given consecutively moderate doses of vasopressin every 15 min (0.1, 03, 1.0, and 3.0 IU) at 2200 h and again at 0700 h (PM/AM). This protocol was repeated 4 wk later with the times reversed (AM/PM). A dose-related increase in ACIH secretion was observed in all subjects. When the AM response of the AM/PM protocol was compared with the PM response of the PM/AM protocol, the release of ACTH was greater in the morning (P < 0.05) as evaluated by the following criteria: peak value of ACTH (129.9±30.4 pg/ml in the AM vs. 57.1±20.2 in the PM), area under the curve (689 in the AM vs.
Introduction ACTH secretion by the corticotrophs in the anterior pituitary is regulated by corticotropin-releasing factor(s) (CRE)' from the hypothalamus (1, 2) . CRF is probably the major ACTH secretagogue, but administration of arginine vasopressin (AVP) also stimulates the release of ACTH (3, 4) . Vasopressin-stimulated release of ACTH or cortisol has been described in man (5) , in rats with hypothalamic lesions (6) , in rats in which the pituitary has been transplanted to the kidney capsule (7) , in isolated pituitaries in organ culture (8) , and in dispersed anterior pituitary cells (9) . It is unclear whether vasopressin has a physiological role in the regulation of ACTH secretion (10, 1 1) . CRF has been shown to be a more potent secretagogue of ACTH than vasopressin (9, 12, 13) , and the greatest response of vasopressin to release ACTH occurred when vasopressin was co-administered with CRF (13) (14) (15) (16) . In this situation there appeared to be a synergism between both releasing factors to cause an augmented release of ACTH. It was recently shown in humans that concurrent administration of vasopressin and CRF produced a 30-fold increase in the release of ACTH as compared with administration of CRF alone (14) .
The well-known diurnal rhythm of plasma cortisol reflects a similar diurnal rhythm of ACTH. ACTH is secreted in a pulsatile fashion with more frequent bursts occurring in the early morning which produce the early morning surge of cortisol (17) . Although CRF has not been measured in portal vessels of man, it is hypothesized that the secretory bursts of ACTH result from pulses of CRF secreted into hypophyseal portal blood, with more frequent bursts of CRF occurring in the early morning (17) . When CRF was administered to humans, the ACTH and cortisol response was reported to be lower in the morning than in the evening (18) (19) (20) , but the mechanism of either the augmented sensitivity ofthe pituitary adrenal axis in the evening, or of the blunted sensitivity in the morning, is not known. Glucocorticoids have been shown to blunt or abolish CRF-induced ACTH release (21, 22) , and the lower morning response may simply be due to negative feedback. Alternatively, if endogenous CRF is at or near its maximum level in the morning, exogenously administered CRF may cause relatively little augmentation of release of ACTH.
Because vasopressin acts synergistically with CRF to produce an augmented release of ACTH (13) (14) (15) (16) , we hypothesized that the ACTH response to administered vasopressin might depend on the ambient endogenous level ofCRF. Thus, if there is a diurnal rhythm of CRF secretion, administered vasopressin should cause a greater release of ACTH in the morning, when endogenous CRF levels would be high, than in the evening, when CRF levels would be low. To evaluate this we measured the changes in plasma cortisol and ACTH in the morning and in the evening after infusion ofgraded boluses of vasopressin in normal human volunteers. We used small graded boluses of vasopressin to obtain a dose-related release ofACTH, as has been described with CRF (23) . By obtaining a less than maximal ACTH response, synergism between endogenous CRF and exogenous vasopressin might be demonstrated not only by a difference in the maximum level of ACTH, but also by the threshold at which ACTH was released.
Methods
Five healthy volunteers (three females and two males) age 45 min. During the graded vasopressin infusion, blood pressure and pulse were monitored before and after each dose increase. At 0700 h the next day, the graded vasopressin infusion was repeated after the same protocol as the previous evening infusion.
The second study (designated AM/PM) was performed 4-8 wk after the first study. The experimental design was exactly as outlined in the first study, except that the time of day of the vasopressin infusion was reversed, with the subjects being tested first in the morning after an overnight fast and then again in the evening of the same day.
Blood samples for assay ofACTH were collected into chilled plastic tubes containing EDTA and aproptinin and were immediately placed on ice. Within 5 min of collection the blood was centrifuged at 10,000 g for 5 min at 4VC and the plasma supernatant transferred to plastic tubes containing N-ethylmaleimide at a concentration of 0.01 M. The plasma was rapidly frozen and stored at -70'C until assay, which was always within 3 d. Before assay, the plasma samples were thawed at 4VC and extracted using 125 mg/ml silicic acid. The ACTH was eluted from the silicic pellet with acid methanol. This eluate was air dried and then reconstituted in assay buffer. (24) . The contents of the reaction vessel were transferred to a 0.9 X 25-cm G-25 Sephadex column equilibrated in 0.05 M Na acetate buffer, pH 5.0, with 1% BSA. Fractions of 0.5 ml were collected from the column and the protein peak pooled. Aliquots of 100 Ml were placed in 1.5 ml polypropylene microfuge tubes which were stored at -20'C. Before each assay an aliquot of '25I-ACTH was purified using HPLC. The '251-ACTH peak was then diluted in assay buffer (0.3 M Na phosphate buffer, pH 7.4, containing 0.1% lysozyme and 15,000 kallikrein inhibitor units of aprotinin), to give -2,500 cpm/100 ul, which resulted in a tracer mass of 5 pg/incubation. The assay was set up in 12 X 75 polypropylene tubes using a final antibody dilution of 1:18,000 with standards over the range of 0 to 5,000 pg/ml in a final volume of 250 ul. The antibody and standards/unknowns were preincubated for 4 h at 4°C before the freshly chromatographed`25I-ACTH was added. After overnight incubation at 4°C, a sheep anti-rabbit gamma globulin second antibody, diluted 1:20 in 4% polyethylene glycol, was added and incubated for 4 h at 4°C. The bound hormone was separated by centrifugation at 10,000 g for 3 min at 4°C. The supernatants were aspirated and the tubes counted in a Gamma 8000 counter (Beckman Instruments, Inc.). The assay has a sensitivity of 5 pg/ml. As with the cortisol assay, the values are generated by computer, using the log dose-logit plot (25) .
Plasma AVP was assayed as described previously (26) . For statistical analysis, pretest values for ACTH and cortisol were defined as the mean of the -15 min and 0 time values. However, when subtracting baseline values of ACTH and cortisol the lowest point of the initial sampling was used, because ACTH and cortisol values fell initially after the pretest values in some subjects, reflecting the normal diurnal fluctuations in these hormones. The area under the curve for ACTH and cortisol responses were determined from each subject's individual values after the baseline was subtracted. Student's paired t tests were utilized to determine at which dose of vasopressin there was a response significantly above baseline, and to analyze peak ACTH and cortisol response and area under the curve. Overall differences between trials in ACTH, cortisol, and vasopressin were analyzed using repeated measures analysis of variance. Correlations were determined with regression analysis by the method of least squares.
Results
Dose-response relationships ofadministered A VP and plasma ACTH and cortisol. All subjects were monitored closely during the graded vasopressin infusion. A slight but transient increase in blood pressure and pulse was noted only after the 3-U infusion of vasopressin. Additionally, several subjects noted sensations of acral flushing, increased gastrointestinal motility, or nausea after the 3-U bolus, but these sensations all resolved within 30 s.
Every subject had an increase of plasma ACTH and of plasma cortisol during every test, and overall there was a sig-nificant relationship between the hormone level and the dose of vasopressin administered both for ACTH, P < 0.01, and for cortisol, P < 0.01. In all subjects there was no significant increase in ACTH and cortisol with the lowest dose of vasopressin administered (0.1 U).
The mean plasma ACTH in the morning of the AM/PM protocol ( Fig. 1) illustrates the observed stepwise increase in ACTH which allowed definition of threshold response as well as any shift ofthe dose-response curve to the left or the right. A cumulative effect of administered vasopressin was observed, with each subsequent and larger dose adding to the residual ACTH response produced by the previous dose. The peak ACTH concentration occurred 5-10 min after each dose of vasopressin, but was still elevated by 15 min when the next dose of vasopressin was given. After the last dose of vasopressin the subsequent decrease in the levels ofvasopressin demonstrate a physiologic half-life of -20 min, which is consistent with the observation that the 15-min bolus regimen produced a cumulative effect on release of ACTH.
Effect ofvasopressin infusion in the morning in comparison with the evening. The vasopressin infusion in the morning of the AM/PM protocol was compared with the same infusion in the evening of the PM/AM protocol, i.e., first exposure to vasopressin in each case. Plasma ACTH levels for each individual subject are illustrated in Fig. 2 . The mean pretest ACTH level in the morning was 37.4±10.1 pg/ml and in the evening 24 .4±8.7 pg/ml. The morning level was greater than the evening level in all subjects, although the mean levels were not significantly different (P = 0.36). The mean pretest cortisol levels were higher in the morning in every subject: morning cortisol, 16 .4±3.0 mg/dl, and evening cortisol, 2.7±0.6 mg/dl, P < 0.01. Plasma levels of ACTH in response to the graded vasopressin infusion are shown for each subject in Fig. 2 , and were greater in the morning (Fig. 2 A) than in the evening (Fig.  2 B) . This difference was statistically significant by the following criteria: the maximum increase ofACTH over baseline was 99.6±25.8 pg/ml in the morning and 40.1±16.6 pg/ml in the evening, P < 0.05; the area under the curve determined by cumulative ACTH increase in the morning was 654.4±168.3 and 229.7±82.3 pg/ml in the evening, P < 0.05; and there was a shift in the dose-response increase in ACTH (Fig. 3) , with the first significant increase in ACTH noted after 1 U of vasopres- sin in the morning (P < 0.05). In the evening, even the increase in ACTH after a 3-U dose just missed significance (P = 0.06) ( Table I) . The individual levels of cortisol are shown in Fig. 2 , C and D. The maximum increase above baseline of cortisol in the morning, 16.6±3.2 mg/dl, was greater than the maximum level in the evening, which 11.2±1.5 mg/dl, but this was not statistically significant. Similarly, the cumulative increment in cortisol in the morning, 175.2±50.3 mg/dl, was greater than, but not statistically different from the evening cumulative increment in cortisol, which was 70.0±13.8 mg/dl. There also was not a significant difference in the overall cortisol response patterns between the two trials. There was, however, a shift in Fig. 5 , A vs. C). However, the ACTH response to administered vasopressin was significantly blunted in the morning (Fig. 5 C) , when vasopressin had been administered the prior evening, as compared with the response without prior exposure to vasopressin (Fig. 5 A) . The differences were significant by the same three criteria used to compare the morning with the evening responses: (i) the maximum increase of ACTH above baseline was 99.6±25.8 in the morning without prior exposure to vasopressin and 33.6±6.9 pg/ml when vasopressin had been administered the prior evening (P < 0.05); (ii) the area under the curve determined by the cumulative mean incremental ACTH in the morning without prior exposure to vasopressin was 654.4±168.3 pg/ml, whereas after exposure to vasopressin the previous evening the value was 223.1±45.0 pg/ml (P < 0.05); and, (iii) the dose-response curve for the morning without prior exposure to vasopressin was shifted to the left relative to the response curve after exposure to vasopressin, with the first significant increase in ACTH after 1 U of vasopressin in the former and after 3 U of vasopressin in the latter.
The ACTH response to administered vasopressin in the evening when there was no prior exposure to vasopressin (PM of the PM/AM protocol, Fig. 5 B) was not significantly different when compared with the ACTH response when vasopressin was administered in the morning of the same day (PM of the AM/PM protocol, Fig. 5 D) .
The baseline cortisol levels in the morning were similar in both protocols: 16 .4±3 mg/dl in the AM/PM protocol, and 12.1±0.9 mg/dl in the PM/AM protocol when vasopressin had been administered the previous evening. Likewise, the baseline cortisol levels in the evening were not different: 2.7±0.6 mg/dl in the PM/AM protocol and 3.2±0.8 mg/dl in the AM/PM protocol when vasopressin had been administered the same morning. However, similar to ACTH, the increment in serum cortisol in the morning was significantly blunted by exposure to vasopressin the previous evening in the PM/AM protocol, as compared with the morning response of AM/PM protocol when no vasopressin was administered previously (Fig. 6) . It can also be seen that prior administration of vasopressin in the evening shifted the dose-response curve the next morning to the right, when the morning response of the PM/AM protocol is compared with the morning response of the AM/PM protocol. Again similar to the ACTH response, there was no significant difference in the cortisol levels in the afternoon whether there had or had not been prior exposure to vasopressin within the same 24 h (PM of AM/PM protocol vs. PM of PM/AM protocol, respectively, Fig. 6 ).
ACTH response in relation to basal plasma cortisol. When the cumulative ACTH response for each individual on the two morning trials were compared with the baseline levels of cortisol in plasma, there was a significant and positive correlation Figure 4 . Dose-response increase of cortisol in the morning of the AM/PM protocol versus the evening of the PM/AM protocol. Each bar is the mean of the three cortisol samples for each subject after each dose of AVP. Baseline subtracted as in Fig. 3 . The dose-response curve for cortisol is significantly shifted to the left in the morning of the AM/PM protocol when compared with the evening of the PM/AM protocol. Cortisol was significantly increased in the AM of the AM/PM protocol after 0.3 U of AVP (*P < 0.05, when compared with baseline value). The increase was not significant until 3 U of AVP in the evening of the PM/AM protocol (+P < 0.05, when compared with baseline value).
(P < 0.05). However, there was no significant correlation between the ACTH response and the baseline cortisol in the evening trials when the baseline cortisols were all low. A VP results. When plasma AVP levels after each graded bolus of vasopressin were compared for each of the protocols, the mean values were not significantly different at any time points except in two isolated samples, the 55-min sample for the AM ofthe AM/PM protocol and the 60-min sample for the PM of the AM/PM protocol. These small differences were not felt to be meaningful because the samples immediately before and after these points, 50 and 75 min, showed no differences, i.e., there was no trend. More importantly, significant changes in ACTH and cortisol measurements preceded rather than followed the only differences in plasma vasopressin described above.
Mean plasma vasopressin after a 1-U bolus was 146.9±13.7 pg/ml while after a 3-U bolus the mean plasma vasopressin was 372.7±31.8 pg/ml. These levels of vasopressin, although much higher than physiological levels of peripherally measured vasopressin, are within the range of what has been measured in monkey portal blood (26) .
Discussion
The 41-amino acid peptide, CRF, is probably the most important physiologic mediator of ACTH secretion in man. However, even before the isolation of CRF it was recognized that more than one physiologically active principle was present in hypothalamic extracts that possessed ACTH releasing activity (3, 4) . Recently the hypothalamic peptide that has received the most attention as another potential physiological ACTH secretagogue is vasopressin. Vasopressin is localized anatomically in the external zone of the median eminence in the area of hormone secretion into long portal vessels that feed the anterior pituitary (27, 28) . High levels of vasopressin have been measured in pituitary portal blood (27) , and the content of vasopressin in the external zone is increased during some states of ACTH hypersecretion, i.e., after adrenalectomy in experimental animals (28) (29) (30) (31) (32) . In direct studies it has also been demonstrated that vasopressin causes release of ACTH (12) (13) (14) (15) (16) . When used alone, vasopressin is inferior as a secretagogue ofACTH in comparison with CRF (9, 12, 13) . However, both in the rat ( 13) and in man (14) (15) (16) there is clear synergism between the ACTH releasing activity of CRF and vasopressin, with a greater than additive effect on ACTH release when the two are co-administered. While most of the studies that demonstrated synergism between these two secretagogues used experimental protocols in which both secretagogues were administered exogenously, it is reasonable to hypothesize that the administration of one secretagogue would also act synergistically with ambient concentrations of endogenous secretagogues. Evidence in support of this has been reported. ACTH secretion in response to administered CRF was reported as threefold greater during concurrent administration of hypertonic saline, which caused elevated levels of vasopressin (33, 34) . We hypothesized that the converse might also be true; that is, exogenously administered vasopressin would act synergistically with endogenous levels of CRF. Indeed, because vasopressin is such a weak secretagogue by itself, the magnitude of the ACTH response to administered vasopressin might depend to a great extent upon the ambient level ofendogenous CRF in hypophyseal portal blood. This was given as a possible reason for the greater release of ACTH observed when vasopressin was administered to freely moving rats as compared with rats in which endogenous CRF was blocked by chlorpromazinemorphine-nembutal pretreatment or by anti-CRF antiserum (13) .
To test this hypothesis in humans we used a protocol that was designed to produce a dose-response relationship between administered vasopressin and secretion of ACTH. We began with a dose of vasopressin that was estimated to be too low to produce any measurable increase in ACTH (0.1 U) and increased to a maximum of 3 U, which was still considerably less than the 5-10 U that have been used in other published studies of synergism in man (14) (15) (16) . Because the half-life of vasopressin in man is 2-7 min (35, 36) and of ACTH 15 min (37), we increased the administered dose of vasopressin every 15 min. While administration of vasopressin every 15 min did result in some cumulative effect on the level of ACTH, with the response to one dose of vasopressin adding to the residual response produced by the previous dose, nonetheless by starting with a low dose it was possible to develop a dose-response curve and to demonstrate shifts in the curve. There was a lower threshold of ACTH response, shift to the left, when the sensitivity of the axis was increased (morning vs. evening), and a shift to the right with a greater threshold response when the axis was dampened (morning response after exposure to vasopressin the previous evening). However, because the effect of the vasopressin doses on ACTH secretion was cumulative, it should not be anticipated that a single isolated bolus of vasopressin would give results similar to those obtained here at any point in the dose response.
To investigate whether endogenous hypophyseal portal levels of CRF could be estimated by synergism with exogenously administered vasopressin, we made use of the wellknown diurnal rhythm of cortisol and ACTH. It is assumed, but not proven, that the diurnal rhythm of ACTH and cortisol is initiated by a diurnal rhythm of CRF, with higher endogenous levels of CRF in the morning and lower levels in the evening (17) . This assumption is supported by the results of our studies, and of other recently published reports. In a report in humans with CRF deficiency, pulsatile administration of CRF with more frequent pulses in the morning produced a diurnal pattern of ACTH and cortisol secretion similar to that observed in normal subjects (38) , and in another recent report, higher levels of CRF were measured in peripheral plasma in the morning (39) . In our study administration of synthetic vasopressin produced a markedly enhanced release of ACTH in the morning as compared with the evening, consistent with synergism of vasopressin with high endogenous CRF in the morning. Note that this result is opposite of that for administration ofgraded boluses of exogenous CRF, where the greater release of ACTH and cortisol was found in the evening (17) (18) (19) (20) . In those studies there was a negative correlation between basal cortisol levels and both ACTH and cortisol response to CRF stimulation (17) (18) (19) (20) 40) . In these previous studies the lesser response of ACTH to CRF in the morning was thought possibly to be due to feedback inhibition at the pituitary by the higher level of ambient cortisol levels in the morning. However, in our studies it was apparent that the pituitary was not markedly inhibited in its ability to release ACTH in the morning, because the release of ACTH in response to administered vasopressin was greater in the morning. Thus, one alternate explanation for the results obtained with CRF is that endogenous hypophyseal portal levels of CRF are high in the morning, possibly approaching maximal response, and additional exogenously administered CRF caused little further release of ACTH. With this interpretation, the negative correlation between the ACTH response to CRF and the ambient level of cortisol would be explained, because the high level of cortisol reflected a high level of endogenous CRF (40) . In contrast, when vasopressin was administered we found the ACTH release was positively correlated with the ambient level of plasma cortisol. We interpret this to support the concept that high levels of CRF are responsible for the high levels ofcortisol and that vasopressin acted synergistically with the endogenous CRF in hypophyseal portal blood. Therefore, based on the data above it would be reasonable to conclude that CRF is the major hypothalamic regulator of the ACTH and cortisol diurnal rhythm. However, this leaves unexplained the observation (41) that a diurnal rhythm of ACTH release persists even during continuous administration ofCRF. From that study (41) it was suggested that other factors with corticotropin releasing activity (i.e., vasopressin) also participated in the diurnal rhythm of ACTH release. Neither our results nor other published reports would necessarily negate any role of vasopressin in the diurnal rhythm of ACTH, but only suggest that the major secretagogue mediating the diurnal rhythm is CRF.
When the AM trial was preceded by a graded vasopressin infusion on the previous evening (PM/AM protocol), a blunted response of both ACTH and cortisol were observed. There are three possible mechanisms for this observation. First, glucocorticoids are known modulators ofCRF-mediated ACTH release (40) . They suppress pituitary responsiveness to CRF and possibly also inhibit secretion of CRF through an effect in the hypothalamus (42, 43) . Second, it has been shown in vitro that exposure of corticotroph cells to various concentrations of dexamethasone down-regulates the CRF specific receptor on the cells in a dose-dependent fashion (44) . Finally, pituitary desensitization to AVP may occur (similar to what has been shown for CRF in in vivo animal studies) independently of any steroid feedback (45) . The anterior pituitary contains specific receptors for AVP which are distinct from those for hypothalamic CRF (46, 47) , and prior injections of AVP might cause down-regulation of the AVP specific receptor on pituitary cells (47) . To determine which, if any, of the explanations is correct will require further study.
The site of action of vasopressin to enhance the effect of CRF is presumed to be at the level of the pituitary cortico-troph. This assumption is based upon several observations. As described above, vasopressin is localized anatomically within the hypothalamic pituitary portal system in a manner that would allow vasopressin to directly stimulate pituitary corticotrophs (27, 28) . Enhancement by AVP of the effect of CRF to release ACTH has been demonstrated in anterior pituitary cell cultures (48) and in isolated pituitary cell lines (44) . With isolated cell lines, vasopressin increases the amount of cyclic AMP generated by administered CRF (49) . In addition, both CRF and vasopressin receptors have been identified on rat anterior pituitary cells, and these appear to be independent receptors for which the alternate secretagogue is not competitive (44) . Initial studies characterizing the vasopressin receptor on the anterior pituitary indicated that the corticotroph secreting activity was via a VI or pressor receptor (50) . However, subsequent studies have produced disparate results on this point. In intact animals (e.g., dogs [51] and rats [unpublished results from our laboratory]), the ACTH secreting activity of intravenously administered vasopressin was completely blocked by a specific antagonist to the VI receptor, d(CH2)5
MeTyrAVP, and the effect of vasopressin was mimicked by VI agonists but not by V2 (antidiuretic) agonists (50) . But, in studies of rat pituitary in vitro there was a poor correlation between the corticotropin releasing activity ofvasopressin analogues and the VI receptor or pressor activity (52, 53 We should emphasize that we used vasopressin as a test substance which gave data to support a diurnal variation of CRF secretion. These observations provide no further insight into the role ofvasopressin (or CRF) as a physiologic regulator of ACTH release in adrenal insufficiency or in the variety of stresses that stimulate ACTH release. This subject has recently been reviewed in detail (56) . However, one can use the knowledge of the diurnal variation in the ACTH responses to vasopressin and to CRF to interpret other studies in which stimulation of the hypothalamic-pituitary-adrenal axis was produced by more physiologic stimuli. Both administration ofa pyrogen (57) and of insulin (hypoglycemia) (58, 59) have been shown to produce a greater release of cortisol in the evening than in the morning. Because this pattern of response is similar to that obtained with administered CRF and opposite to that obtained with administered vasopressin, we would suggest that CRF is the more likely mediator of these stress responses in humans.
In our study each test was done once in each subject and there was a considerable range in the response from subject to subject. This variability in response is probably intrinsic to the subject because (as can be seen from Figs. 1 and 2 ) the rank order of the subject's response was rather constant among the four times of testing. Because of the variability from person to person, more useful data might be obtained by comparison of the response to administered vasopressin with the response to administered CRF in the same subject. A heightened response to vasopressin coupled with a lower response to CRF would indicate that CRF was the important modulator of the increased ACTH in that particular setting. Such studies might be useful, for example, in defining subsets of Cushing's disease in which CRF hypersecretion was important, or in defining abnormalities ofCRF secretion as might occur in certain patients with depression.
In summary, this study confirmed that vasopressin stimulates secretion of ACTH, and demonstrated that exogenously administered vasopressin acts synergistically with endogenous CRF in the release of ACTH. The morning and evening responses ofACTH to administered vasopressin are the opposite of those to administered CRF (17) (18) (19) (20) . The greatest ACTH response was not in the morning after vasopressin infusion, but in the evening after CRF infusion. These data provide indirect evidence that the diurnal rhythm of ACTH and cortisol is secondary to a diurnal rhythm of CRF secretion. The protocol demonstrates that a vasopressin stimulation test may be useful in determining the relative level of CRF secretion, and may be applicable to future research on the pathophysiology of disorders of ACTH secretion.
